The growth cycle of sigma virus in Drosophila melanogaster cells was studied: optimal virus production was reached about 40 h after infection; virus release declined thereafter and then remained approximately constant (carrier state). In the presence of DEAE-dextran during virus adsorption, more cells became infected and sigma virus production was enhanced. Sigma virus was partially purified by a gentle procedure. Five presumptive virus-specific proteins with molecular weights 21 OK, 68K, 57K, 44K and 25K were observed. The p68 polypeptide was glycosylated and formed the spikes of the virion particles. The nucleocapsid contained a single major protein, p44, and one or two minor proteins (p210 and probably p57); another protein, p25, was more loosely associated with the nucleocapsid. None of these proteins was found to be phosphorylated.
INTRODUCTION
Sigma virus has been identified as a rhabdovirus since it is similar in size and shape to vesicular stomatitis virus (VSV) (Berkaloff et al., 1965; Teninges, 1968) . Sigma virus is not pathogenic for its natural host, Drosophila melanogaster, is transmitted by Drosophila females to their progeny at each generation ('stabilized' maternal line) and induces CO2 sensitivity in infected flies. A similar COz sensitivity was found when Drosophila were inoculated in the abdomen with other rhabdoviruses of the vesiculovirus genus (Bussereau & Contamine, 1980;  for review, see Brun & Plus, 1980) . Sigma virus replicates in cultured Drosophila cells without apparent cytopathic effect (Ohanessian & Echalier, 1967) . Long-term studies have shown that a persistent state of infection is maintained through many cell divisions (Brun & Plus, 1980) . Other viruses, in particular VSV, which are cytolytic for vertebrate cells, are similarly able to multiply in Drosophila or Aedes albopictus cells without apparent cytopathic effect, resulting in a persistent state of infection (Teninges et al., 1980; Brun & Plus, 1980) . The absence of cytopathic effect seems essentially related to the insect host. Virus-host interactions have been studied by genetic methods in the case of sigma virus and its natural host, and at least five Drosophila genes have been found specifically to affect the viral cycle (Gay, 1978; Coulon & Contamine, 1982) . A biochemical approach to this problem requires more knowledge of the virus itself. The purpose of this communication is to describe (i) the growth cycle of sigma virus in cultured Drosophila cells; (ii) the purification of the virus; and (iii) the protein components of the virus and their localization within the virion.
METHODS

Cells.
The Drosophila cell line used in this study was 77 0M3 (Hink, 1980) . Cells were grown in the improved medium of Shields & Sang (1977) supplemented with 10~ foetal calf serum (Gibco) (Wyers et al., 1980) . The ratio of the number of cells to surface area was kept constant at each transfer (about 8 × l0 s cells per cm2).
Drosophila strains. 'Standard' flies, progeny from the cross ~? Oregon z d'ebony, were used for titration of the infectivity of sigma virus suspensions. 'Standard' flies carrying the II M chromosome (Coulon & Contamine, 1982) , named 'standard-like' flies, were used to detect the presence of contaminating viruses, because they are more susceptible to picornaviruses than are 'standard' flies.
Virus strain. Sigma virus clone 23 DA, a gift of D. Contamine (Coulon & Contamine, 1982) was maintained at 27 °C in a 'stabilized' maternal line of Drosophila (cinnabar) (Brun & Plus, 1980) . The sigma virus stock was prepared as follows: 200 'stabilized' flies were ground, clarified by low-speed centrifugation and filtered as previously described (Contamine, 1973; Ohanessian & Echalier, 1967) . The filtrate contained about 107 infectious units/ml (for i.u. assay, see below) and was used immediately to infect cultured Drosophila cells. The infected cells were transferred four times at 8-day intervals. This procedure allowed the selection of sigma viruses that grew more efficiently in Drosophila cells. The cell supernatants were harvested and kept at -80 °C; they contained about 2 × 108 i.u./ml. After clarification by low-speed centrifugation (6000 rev/min for 10 min in the GSA rotor of an MSE centrifuge), they were concentrated 10-fold by high-speed centrifugation (30000 rev/min for 2 h in the rotor 30 of a Beckman ultracentrifuge) onto a 3 ml cushion of 20% sucrose in LSB (150 mM-NaC1, 10 mM-Tris-HC1 pH 7.5). About 80 to 90% of the initial titre was recovered after centrifugation.
The fly extracts and the sigma virus stock grown in cultured cells were assayed for the presence of other contaminating viruses (Brun & Plus, 1980) : (i) by electron microscopy after negative staining (Teninges et al., 1979) ; (ii) by inoculation of 'standard-like' flies, followed by exposure, 5 and 10 days later, to pure Nz to detect Drosophila X virus (Teninges et al., 1979) or observation, 17 days later, to detect picornavirus P (David & Plus, 1971) .
Infectious unit and sigma virus titre. The infectivity titre of a virus suspension was determined by injecting 'standard' flies with increasing dilutions as already described (Brun & Plus, 1980) . One i.u. corresponded to the least amount of virus able to induce CO2 sensitivity in one 'standard' fly after 20 days at 25 °C.
Infection of Drosophila cell cultures with sigma virus and radioisotope labelling. Drosophila cells (2 x 107 or 6 x 107 cells in 25 or 75 cmz plastic flasks) were infected 36 h after transfer with 0.4 or 1-2 ml of sigma virus suspension respectively (concentrations are indicated in figure legends), with or without 50 ~tg/ml DEAE-dextran (Pharmacia). After adsorption for 90 min at 25 °C, the inoculum was removed, cells were washed twice with TD buffer (150 mM-NaC1, 5mM-KCI, 0-7 mM-disodium phosphate, 8 mM-Tris HC1 pH 7.6), and then 3 or 9 ml of Shields & Sang medium supplemented with 5% foetal calf serum, was added. To ensure labelling of all viral proteins or phosphoproteins, the medium was modified and contained either [14C]leucine or [3Zp]sodium orthophosphate as previously described (BIondel et al., 1983) . For labelling of glycoprotein, medium containing half the usual glucose concentration, 5% foetal calf serum, 0.2 ml/100 ml vitamins (Grace, 1962) and [14C]glucosamine (2.5 ~tCi/ml, 250 to 300 mCi/mmol; CEN, Saclay, France), was used; however, yeast extract was omitted. After 72 h at 25 °C, cell supernatant was collected, and clarified by low-speed centrifugation. The virus was pelleted by high-speed centrifugation and stored in LSB at -80 °C until purification.
Polyacrylamide gel electrophoresis. Polyacrylamide slab gel electrophoresis with SDS was performed essentially according to the procedure described by Laemmli (1970) with the modifications previously reported (Wyers et al., 1980) . The resolving gel contained a 5 to 13 % linear gradient of acrylamide and was buffered at pH 8.8 or 8.4.
RESULTS
Sigma virus growth cycle in Drosophila cells
Infection of most of the cells is necessary to study the growth cycle of any virus in cultured cells. Immunofluorescent staining of infected cells is one way of determining the inoculum titre required for 99 to 100% cell infection in a single-step growth curve (Teninges et al., 1979) . Partially purified sigma virus was used to prepare antibodies in rabbits; unfortunately the antiserum obtained contained a low neutralizing activity and, besides, reacted with host cell components. Experimental conditions of infection to obtain more than 99 % infected Drosophila cells have been previously determined for another rhabdovirus, VSV, for determination of a single-step growth curve (Wyers et al., 1980) . These conditions were identical whatever the Drosophila cell line used, but depended on the temperature and the ratio of the inoculum volume to the surface area (result not shown). To study the growth cycle of sigma virus, the same conditions of infection and the same inoculum titre were used. Since for the particular VSV strain used, the titre of p.f.u./ml in chicken embryo cells was close to the titre of i.u./ml determined in Drosophila (Bussereau, 1973) , the infection with sigma virus was performed with an inoculum containing at least 109 i.u./ml.
The increase in virus titre in the cell culture supernatant was measured as a function of time. The non-cumulative production was determined during 2 h intervals to obtain the rate of virus release ( as described in Methods. The non-cumulative virus production was determined during 2 h intervals. Two h before harvest of virus-containing supernatant, the culture medium was removed; the cells were washed twice and 3 ml of fresh medium was added. After 2 h, the cell supernatant was collected and virus production during this interval of time was determined by injecting 'standard' flies. Taking into account a confidence interval of 95 %, the values could be under-or overestimated by a factor of 2. Three independent experiments gave similar results. Fig. 2 . Effect of DEAE-dextran and virus concentration during adsorption on sigma virus production.
Drosophila cells were infected with the indicated concentration of sigma virus in the absence (0) or in the presence of 50 gg/ml DEAE-dextran (O) and processed as described in Methods. After 72 h at 25 °C, the culture medium was harvested and titrated on 'standard' flies (confidence intervals were calculated for each point).
2 h interval. Until about 42 h, virus production increased considerably to reach 0.7 i.u./2 h per cell. Then sigma virus production decreased and became stable about 72 h after infection at a level of approximately 0.05 i.u./2 h per cell. DEAE-dextran was used to increase the adsorption efficiency of sigma virus, since it has been shown to markedly increase infectivity of rabies virus and VSV in human and BHK21 cells respectively (Kaplan et al., 1967; Cartwright et al., 1970) . Fig. 2 shows that virus production increased slowly with the inoculum concentration in the absence of DEAE-dextran during adsorption; on the other hand, in its presence, virus production was significantly higher and reached a plateau when the inoculum titre used for infection exceeded 109 i.uJml. This result indicated that, without DEAE-dextran, optimal virus production was not obtained, and that, perhaps, some cells may not be infected; hence virus production per cell might be underestimated. With DEAE-dextran, however, more cells may be infected and an optimum of production was reached between 35 and 42 h (result not shown).
Sigma virus purification
The supernatant of Drosophila cells, infected in the presence of DEAE-dextran, was collected 72 h later, then clarified and concentrated as described in Methods for the preparation of sigma virus stock. Concentration of sigma virus by polyethylene glycol precipitation was not used, (Wyers et al., 1980).] since it was found to inactivate more than 70~o of the virus (Bernard & Petitjean, 1975) . More than 80 ~ of the infectivity was recovered after high-speed centrifugation a n d most of the virion particles were intact as judged by electron microscopy. The virus-containing pellet suspended in LSB was centrifuged for 25 m i n at 30000 rev/min in the Beckman SW41 rotor through a sucrose gradient (10 to 3 5~ in LSB). N o absorbance peak (at 260 or 280 nm) was found coincident with the richest virus-containing fractions, but electron microscopy facilitated rapid localization of the virus in the gradient. These fractions were pooled and layered directly onto a 20 to 709/oo sucrose density gradient and centrifuged at 30 000 rev/min for 17 h. The peak of absorbance (Fig. 3 a) corresponds to sigma virus-containing fractions, as judged by electron microscopy. Virus titres were subsequently determined by assay in 'standard' flies: 4 0~ of the initial infectivity was recovered, as judged by s u m m i n g the titres obtained for each fraction. The highest titre corresponded to the lowest part of the absorbance peak, fractions 8 and 9. It was suspected that cellular components were present in the higher parts of the peak. This was confirmed by processing a mock-infected Drosophila cell culture supernatant in the same way.
Material was found sedimenting just a little slower than sigma virus (Fig. 3a) , and electron microscopy revealed no rhabdovirus-like or other virus-like particles, but only shapeless masses similar to those present in the corresponding zone of the sigma virus preparation. Viruscontaining fractions were concentrated by high-speed centrifugation and subjected to a second centrifugation on a 30 to 6 0~ sucrose density gradient. As shown in Fig. 4(a) , cellular components were better separated and only contaminated the virus in the lightest fractions of the gradient.
Sigma virus protein composition
The proteins of the fractions of the virus-containing gradients were compared with those of uninfected cell preparations after separation by electrophoresis on polyacrylamide slab gels and staining as described in Methods. Cellular proteins which were present in uninfected cell preparations (Fig. 3b, lanes 2 and 5, Fig. 4c , lane 2), were also recovered in the sigma virus fractions. But their staining decreased at each step of tl~e purification, contrary to the additional proteins which were clearly enriched in the fractions containing the highest sigma virus infectivity ( Fig. 3a and c) . Five components are presumptive virus-specific polypeptides. A sharp band migrating with an apparent mol. wt. of 25000, p25, was clearly correlated with the presence of virus (Fig. 3 b, c; Fig. 4b, c) . Another presumptive viral protein visible in Fig. 3 (b) (lanes 3 and 4) migrated close to a cellular protein which is probably actin, a protein of the cytoskeleton frequently found in enveloped viruses (Genty & Bussereau, 1980; Giuffre et al., 1982) . Separation of these proteins was achieved by lowering the gel pH to 8.4 (Fig. 3 c, 4b and c). The slower migrating protein, p44, was absent in the uninfected cell preparation (Fig. 4c , lane 2) and always present in the virus-containing fractions (Fig. 3c and Fig. 4b and c ). An additional diffuse band between 55 000 and 70 000 was also revealed in Fig. 3 (b) . Two proteins, p57 and p68, could be resolved by modifying the conditions of electrophoresis (Fig. 3 c and 4 b) . But since they were less stained than p44 and p25 (Fig. 4b) they were practically undetectable when virus amount was low (Fig. 4c) . A fifth protein, p210, migrated a little slower than a cellular component (Fig. 3 b) and was enriched in the fraction containing the highest sigma virus infectivity (Fig. 3a and c, lane 2) .
Another purification procedure was tried in which centrifugation in a 10 to 20% Ficoll gradient replaced the second sucrose density gradient. Again, five proteins were co-purified with sigma virus (not shown). These five proteins, p25, p44, p57, p68 and p210 may be virusspecific. To determine their stoichiometric amount in the virion, sigma virus was grown in Drosophila cells in the presence of [~4C]leucine as described in Methods and partially purified. Polypeptides were separated by electrophoresis and gel autoradiographs scanned at 660 nm. The calculated mean values were 0-7, 1.0, 0.17 and 0.18 molecules of p25, p44, p57 and p68 respectively. The intensity of p210 was too low for a precise evaluation. The cellular polypeptides which still contaminated even the best sigma virus preparation represented less than 20% of total proteins, as determined by photometric scanning of autoradiographs of gels.
Phosphorylated and glycosylated sigma virus proteins
Rhabdoviruses have been shown to contain glycosylated and phosphorylated proteins (Burge & Huang, 1970; Sokol & Clark, 1973) . Therefore, the presence of glycosylated and phosphorylated proteins in sigma virus was investigated. Cells were labelled with [32p]orthophosphate or [14C]glucosamine after infection and the virus was purified as described above. Proteins were separated by electrophoresis on polyacrylamide slab gels and radioactive components detected by autoradiography. No viral proteins were found to be 3Zp-labelled. On the other hand, after [ 14C]glucosamine labelling, radioactivity was found in a limited number of bands (Fig. 4b, lanes 2' and 3' ) which did not coincide with viral proteins as revealed by staining, except for one which corresponded to the p68 protein (lanes 2 and 3); its intensity of labelling was higher in the sample from fractions 9 and 10 (lane 2') which contained the greatest amount of viral components (lane 2). Thus protein p68 appears to be the only glycosylated protein in sigma virus.
Localization of sigma virus proteins within the virion particles
The location of VSV proteins in the virion has been determined by differential solubilization in an anionic detergent at low or high salt concentration (Kelley et al., 1972; Emerson & Wagner, 1973) . A partially purified sigma virus preparation was dissociated in 2 % Triton X-100 with or without 0.72 M-NaC1. After centrifugation, as indicated in the legend to Fig. 5 , the pellets and supernatants were recovered and proteins analysed by electrophoresis on a polyacrylamide gel. Like the G protein of VSV, the glycosylated p68 protein was the only viral protein solubilized by Triton X-100, although cellular contaminants were also found in the supernatant (lane 5). The pelleted particles contained sigma virus proteins p57, p44, p25 and p210 (lane 4). In the presence of high salt, the p44 protein was still present in the sedimenting particles together with a small amount of the p25 protein. The presence of the p210 and p57 proteins was only suspected, since faint bands were present (lane 6). Electron microscopic observations of the pelleted fractions showed virions which had lost most of their spikes, together with envelope structures, when no salt was added during detergent treatment (Fig. 6 b) . Virus structure was preserved, but the nucleocapsid coils appeared clearly as striations, compared to untreated virions (Fig. 6 a) . After detergent treatment at high ionic strength, bulletshaped particles were no longer detectable, only the released nucleocapsids could be observed as loose forms (Fig. 6c) . Triton X-100 with or without 0.72 M-NaC1. After centrifugation at 35 000 rev/min for 90 min onto a 50 glycerol cushion in the SW50.1 rotor of a Beckman ultracentrifuge, the proteins contained in the pellet and in the supernatant (precipitated with 10~ trichloroacetic acid) were dissolved in 20 ~tl of sample buffer (Laemmli, 1970) , and analysed by electrophoresis on an SDS-polyacrylamide gel as in Fig. 3 (c) . Lanes: 1, VSV; 2, yeast RNA polymerase A; 3, sigma virus preparation; 4, Triton X-100 pellet; 5, Triton X-100 supernatant; 6, Triton X-100 + NaCI pellet. 
DISCUSSION
The growth cycle of sigma virus in Drosophila cell cultures has bcen previously shown to be very slow (A. Ohancssian, personal communication; Brun & Plus, 1980) : optimal production was reached 5 days after infection, yet only I ~ of cells were suspected of being initially infected. Conditions of infection were greatly improved by incrcasing the inoculum titrc, but virus production was still lower than the valuc obtained in the presence of DEAE-dextran. The idea that Drosophila cell debris impeded sigma virus attachrncnt to the cells and decreased its infectivity could not be excluded, since sigma virus inoculum was the concentrated supcrnatant of an 8-day-old infected culture. Reccntly a phospholipid component of Vero cells has been shown to inhibit VSV binding to thc host cell (Schlcgel et at., 1983) .
Ncvertheless, maximal sigma virus production was reachcd about 40 h aftcr infection. Its cyclc is still slow compared to VSV growth in Drosophila cclls, where maximal production was reached in 8 h (Wyers et al., 1980) . This difference is probably related to the viruses themselves, but a restrictive effect by the host cell on sigma virus synthesis could not be excluded, although the cell line used was derivcd from permissivc Drosophila.
Our purpose was to obtain enough sigma virus to purify it and determine its protein content. Sigma virus will not multiply in the vertebrate cell lines so far used, and Drosophila cells, even infected in the presence of DEAE-dextran, did not produce high virus titres. So, sigma virus purification needed large quantities of infected Drosophila cell culture supernatants which contained much host protein. Radioactive pulse-labelling gave disappointing results, as host proteins were also labelled. Selective inhibition of host cell synthesis with actinomycin D could not be used, since the rates of the viral syntheses were too low compared to the survival time of the cells in the presence of the drug.
In spite of these difficulties, sigma virus was partially purified by a series of gentle procedures. The virus preparations obtained had reduced amounts of contaminating host proteins; but it is possible that some cellular polypeptides were tightly associated with the virus, since specific incorporation of host cell proteins has been demonstrated for VSV (Lodish & Porter, 1980) and simian virus 40 (Yang et al., 1979) .
Five proteins may be sigma virus-specific: p210, p68, p57, p44 and p25. The nucleocapsid contained protein p44 in abundance, probably p210 in small amounts and perhaps a p57 protein.
After detergent treatment of the virions, protein p25 was not dissociated, indicating its internal localization with respect to the membrane lipid bilayer; yet it was in part removed by high salt concentration like the M protein of VSV (Carrol & Wagner, 1979) . Protein p68, on the other hand, was similar to the G protein of VSV, since it was the only glycoprotein in sigma virions and it was removed by anionic detergent, leaving spikeless particles. An important difference between the two viruses was the low amount of the p68 protein in sigma virus compared to the G protein of VSV. However VSV released from Drosophila cells has also been shown to be deficient in G protein (Wyers et al., 1980) . Therefore it seems possible that, in insects, the glycosylation of rhabdovirus external protein or its incorporation in the cell membrane or its synthesis itself is impeded. Rhabdoviruses have been shown to contain highly phosphorylated proteins: NS in the vesiculoviruses and N in the lyssaviruses (Sokol & Clark, 1973) . In sigma virus, phosphate was not found in any protein, so the presence of a highly phosphorylated protein in the virion is unlikely. This result does not rule out the possibility that viral proteins could be phosphorylated within the cell, but incorporated in the virion in an unphosphorylated form.
The present results are a first step towards characterizing sigma virus at the molecular level.
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